• 303 is an HMXB discovered as a γ-ray emitter 30 years ago, and well known as a radio, X ray, and most recently a TeV source. Despite the wealth of data, the choice between pulsar and microquasar emission models remained unclear. Here we report on AU-scale radio imaging with the VLBA, that literally resolves the issue in favour of the pulsar mechanism.
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Introduction and Background
Shortly after the discovery of LS I +61 • 303 at 70MeV by the COS-B satellite, Gregory & Taylor [8] reported variability at 5GHz, and suggested a jet origin for the radio emission. Orbital parameters from optical spectroscopy [4] show the object to be a high mass binary: a 1-3M NS or BH orbiting a Be star of ∼12.5M with eccentricity e=0.7, and the same period of 26.496d as the radio variability. Competing models were constructed for the broadband spectra, assuming a rotation-powered pulsar insead of an accretion-powered jet, and, despite panchromatic study over the past 30 years, consensus had not emerged [17] . Incidentally, SS 433 was found in the same 5GHz survey and is an undisputed microquasar of the same vintage.
Emission Mechanisms
Two alternatives have been explored to fit the radio to TeV emission of the so-called γ-ray binaries LS 5039, LS I +61 • 303 and PSR B1959-63: accretion-powered relativistic jets, and rotationpowered pulsar wind nebulae. These models are reviewed by Mirabel [17] and are discussed briefly here.
Microquasar models
Several researchers have developed jet models based on relativistic outflow of leptonic (e ± ) [3, 9, 2] , and hadronic plasma [20] , although these are not mutually exclusive. The radio emission is a solid fact, but the reported morphology and outflow velocites have considerable variance, e.g. Peracaula et al. [19] imaged a slowly expanding bubble, while Massi et al [14, 15] , using the European radio arrays Merlin and EVN, claimed a tentative detection of large-scale, (∼100AU) relativistic, precessing outflow.
Simultaneous X rays and radio monitoring by Harrison et al. [11] showed that the X rays peak near periastron, and the radio about 0.5 cycle later. This anticorrelation argues against the jet model, but does not rule it out, as there could be a delay between accretion and jet output. However, the soft X rays are relatively weak and there is little other evidence of accretion. Nevertheless, Gregory and Neish [7] discovered a ∼4-year radio modulation, and explained it in terms of variable accretion from the equatorial wind surrounding the Be star.
Pulsar models
In the alternate model, discussed, e.g., by Harrison, [11] , Leahy, [12] , and Dubus [6], a 'standard' pulsar of period ∼0.1s, with energy loss rate of ∼10 35 erg/s, generates the pair plasma that inflates a pulsar wind nebula of sub-AU size. The PWN expands and shocks as it interacts with the outflows from the Be star, namely, the fast polar wind, and the slow, dense equatorial wind. Emission with a non-thermal power-law spectrum from radio to keV is by the synchrotron process, and the stellar UV photons are Compton scattered up to TeV energies. A variation on this model is proposed by Chernyakova et al. [5] who fit the radio with synchrotron emission, the X ray with inverse Compton, and then invoke p-p interactions to fit the highest TeV energies.
A potential objection to the pulsar model is the lack of X ray or radio pulses, despite quite sensitive searches. This objection is removed by the discovery of the γ-ray binary PSR B1259-63,
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Vivek Dhawan a radio pulsar orbiting a Be star with much longer period, in which the pulsation is suppressed at periastron by the dense wind. A recent detection of TeV photons from LS I +61 • 303 was reported by the MAGIC collaboration, [1] , at the same orbital phase as the maximum 2cm emission monitored simultaneously with the Ryle Telescope. This observation supports the jet model as the common cause. It is yet unclear to us how this result may be accomodated in the pulsar model.
Our Observations.
Motivation from Previous Studies
Astrometric observations of LS I +61 • 303 were conducted by Lestrade [13] , who found a significant proper motion. Based on these data, Mirabel et al. [18] developed an evolutionary scenario for the binary, i.e., its ejection from the star cluster IC 1805 as a result of the velocity imparted by the supernova.
New VLBA Observations
In the past two years, we have undertaken the VLBA astrometry of several X ray binaries, aimed at determining the parallax and proper motions. For LS I +61 • 303 we found anomalous position and morphological changes on 6-month timescales, and investigated these further with a sequence of VLBA images spaced 3 days apart, covering more than one orbit. These are the topic of the present paper.
The light curves in Fig.1 show the recent flux density variations of LS I +61 • 303 at 2cm, monitored by Guy Pooley with the Ryle Telescope till MJD 53905. The last 10 points, MJD 53917-947, are VLBA total flux measurements from our sequence of images at 3.6cm (Fig.3) . The lower panel in Fig.1 shows two different pieces of the 3.6cm archive of GBI data from several years ago, demonstrating both the weak and strong variability of the basic 26.5-day cycle. Our recent data are typical for the source in its weaker state. Gregory & Neish [7] explained the modulation of the radio cycles as variable accretion in a disk wind. This may need re-examination in the context of the pulsar wind scenario.
Images
The set of images at 3.6cm are shown in Fig.3 . The orbital phase at top left of each image is computed according to Gregory, [7] and Casares [4] . Periastron is at 0. Comparing images 3 days apart, it is clear that rapid changes are seen in the orientation of the cometary tail at periastron. The length of the tail (6.5mas) corresponds to an outflow velocity at least 7500km/s, 0.025 c, assuming ∼3 days to fill the tail. (Assuming 1 day, v∼0 .075 c. While much lower than the 0.6 c assumed by some authors, our measurements are compatible with 0.1 c, expected for an over-pressured PWN, suggested by Chernyakova et al.). No extended features or higher velocities were detected on any days. At other phases the tail is amorphous. The shift of centroid from day to day gives ∼1800 km/s max, with 1000 km/s typical. For comparison, v max of the pulsar in the orbit is 300km/s.
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The images at 13cm have lower resolution of 8 AU. Generally the same features are seen as at 3.6cm, except: (i) Flux density peaks later in the orbital cycle; (ii) There is less variation; (iii) the peak intensity in each image is further displaced radially outward from the pulsar orbit, and lags by a few days in time. These effects can be ascribed to a density (or optical depth) gradient along the cometary tail i.e. synchrotron self-absorption. The most rapid position shifts in the centroid (1.3mas/day) are again seen at periastron, with corresponding v 4500km/s. See also the caption to Fig.4 .
Next we examined the pairs of images from half of the 5 hours of data on each day. The changes are generally small, and any flow velocity cannot exceed 5% of c. Near periastron, a rotation of the inner structure is apparent, in the same sense (counterclockwise) and at the same rate, as the images taken 3 days apart, i.e. roughly 5-7 • in 2.5hrs, or ∼60 • /day.
We next searched for large-scale outflows. In archival data for 48 continuous hours, taken by Taylor et al in 1999, and re-processed by us, we confirm that low velocities of ∼1000 km/s, as reported by [19] , are present in the subsets of 5hr duration. Integrating over the whole dataset, which included the world's largest radio telescopes, no halos or outflows larger than 5 mas were detectable down to rms of 25µJy. Similarly, in the subset of data from the 27-element VLA phased array, no structure was detected outside 200 mas, down to a level of 17µJy. These data were taken at 6cm, near apastron, when the source was unusually strong and could be self-calibrated to give deep images.
Astrometry
All our observations were phase-referenced to a pair of calibrators with ICRF positions, and the results are consistent within 0.1 mas over all the recent images. We also re-processed, with somewhat lower precision, archival data [19] , and updated the position of Lestrade for the shift in reference catalog used by the VLBA. The result is shown in Fig.2 , with details in the figure caption.
In summary, our long-term measurement of the proper motion shows it to be slower than the previous result, which was very likely affected by orbital motion and random changes in the turbulent outflow, as seen in Fig.4. 
Space velocity and SN mass loss.
In this section (see Table- Table-1) . Changing 2 to 2.3 kpc has little effect. (iv) The LSR conversion assumes a peculiar Solar UVW of (+10, +5.25, +7.17) from Dehnen & Binney 1998, based on Hipparcos data. Previously the accepted value was (+9, +12, +7).
The result is that LS I +61 • 303 is not a runaway from the massive star-forming regions in the Perseus arm. The motion is about 10km/s, with errors from variations in the motion of gas as traced by the masers ( 7km/s for water masers [10] , 2km/s for methanol masers, [22] .) The low velocity, following [21, 18] , implies a loss of only ∼1M in the SN event, and, moreover, the high eccentricity implies an asymmetric kick from the SN to the pulsar. 
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Conclusions
VLBA imaging over a full orbit of LS I +61 • 303 shows that:
1. The emission is resolved on scales of 1mas (2AU), and appears cometary, pointed away from the high-mass star. No relativistic motion, nor halos, nor large-scale structures, are detectable at any phase of the orbit, nor in deeper images at apastron. It is a pulsar wind nebula shaped by the anisotropic environment, not a jet.
2. The morphology varies dramatically at periastron, and gradually around the rest of the orbit. Outflow velocity V∼7500 km/s is estimated near periastron, reducing gradually to V ∼1000 km/s near apastron.
3. Comparing 3.6 and 13cm images, there is a synchrotron opacity gradient along the tail.
4. The radio light curve (flares a few days after periastron) may be explained as an increase in flux occurring during the near side of the orbit, when the tail is seen unabsorbed by the head. It remains to be seen if this picture is compatible with pulsar-based models for X ray, γ-ray, TeV, lightcurves.
5. Astrometry with <0.1mas accuracy shows that the cometary head traces an erratic ellipse, of semi-major axis 1.5AU, about 4 times the binary axis. The parallax (0.5mas) is totally masked.
6. The binary has a low space velocity relative to its birthplace in the Perseus arm, implying a loss of only about ∼1M in the SN event.
7. It should be possible to refine the properties inferred for the pulsar wind nebula and the Be wind, based on the radio images. In particular, the lack of any structures larger than about 10AU should help constrain the relative cooling times for synchrotron, Compton and adiabatic expansion processes.
As a final remark, we note that radio emission from XRB's can assume the shape of pulsar wind nebulae, as in the present case; or shell remnants as in the case of CI Cam [16] ; apart from the more usual jets. The latter 2 may be low-power (10 −9 ) analogs of SNR and GRB. Radio imaging on AU scales is the only sure way to tell the difference. The last 10 points are from our images at 3.6cm (see Fig.3 ). The short vertical (red) bars show the phase of 0.7 where the radio peaks on average. Bottom panel shows two separate pieces, both from the 3.6cm archive of GBI data from several years ago, demonstrating both the weak and strong variability of the basic 26.5-day cycle. Our recent data are typical for the source in its weaker state. The cycle observed by Albert et al [1] is the one with peak at MJD 53800. This is clarified in Fig.4 , where we show that the position is modulated by the orbital phase. The circle (blue) symbols mark a second extragalactic calibrator about 1 • away which was observed simultaneously to estimate the errors.
PoS(MQW6)052 LS I +61 • 303 is a Be-Pulsar binary
[ The brown dots are 1 day apart, tracing an ellipse of axis 0.5 AU expected for the orbit. The location of the ellipse relative to the measurements is uncertain. The letters describe an erratic ellipse, almost 4 times larger than the orbit, and with a random component. Thus, the emission is tracing not the pulsar itself, but the place downstream in the cometary tail where synchrotron opacity ∼1 at λ 3.6cm. The λ 13cm positions (red) trace an even larger ellipse, and lag behind by a few days compared to 3.6cm, as can be seen by the lines connecting a given letter. Hence the opacity has a gradient along the tail.
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